Abstract The present study was performed to develop the low-cost activated carbon (AC) from some waste materials as potential mercury (Hg) sorbent to remove high amount of Hg from aqueous phase. The ACs were prepared from banana peel, orange peel, cotton fiber and paper wastes by pyrolysis and characterized by analyzing physico-chemical properties and Hg sorption capacity. The Brunauer Emmett and Teller surface areas (cotton 138 m 2 /g; paper 119 m 2 /g), micropore surface areas (cotton 65 m 2 /g; paper 54 m 2 /g) and major constituent carbon contents (cotton 95.04 %; paper 94.4 %) were higher in ACs of cotton fiber and paper wastes than the rest two ACs. The Hg sorption capacities and removal percentages were greater in cotton and paper wastes-derived ACs compared to those of the banana and orange peels. The results revealed that elevated Hg removal ability of cotton and paper wastes-derived ACs is largely regulated by their surface area, porosity and carbon content properties. Therefore, ACs of cotton and paper wastes were identified as potential sorbent among four developed ACs to remove high amount of Hg from aqueous phase. Furthermore, easily accessible precursor material, simple preparation process, favorable physico-chemical properties and high Hg sorption capacity indicated that cotton and paper wastes-derived ACs could be used as potential and lowcost sorbents of Hg for applying in practical field to control the severe effect of Hg contamination in the aquatic environment to avoid its human and environmental health risks.
Introduction
Mercury (Hg) is a potent neurotoxin and priority hazardous pollutant (ATSDR 2007) . It moves around the world in three key routes-(1) it is actively traded as a global commodity, (2) airborne Hg released by industrial activities can travel long distances before being deposited in waterways and (3) naturally occurring bacteria absorb Hg from aqueous phase and convert to its most toxic form, methyl-Hg, which then moves up the food chain. Thus, it contaminates the global environment and poses serious environmental and human health risks by bioconcentration, bioaccumulation and biomagnification phenomena. Hg and its derivatives can easily be adsorbed through the gastrointestinal tract, skin and lungs and can cause impairment of pulmonary function and kidney, chest pain and dyspnoea at high concentration (Berglund and Bertin 1969; Krishnamoorthi and Vishwanathan 1991; Bidstrup 1964; Eisler 1987; Horvat et al. 2003; Fang et al. 2004 ) and hence it is recognized as a dangerous and insidious poison (Bidstrup 1964) . The U.S. Environmental Protection Agency reported that 630,000 newborns in America are at risk for unsafe levels of Hg exposure (Mahaffey 2004) .
Volcanic activity and weathering of rocks are the geogenic sources of Hg; whereas coal burning, electronic, paper, pharmaceutical industries (Biester et al. 2002; Tack et al. 2005 ) chlor-alkali, paint, pulp and paper, oil refinery, electrical, rubber processing, and fertilizer industries (Krishnan and Anirudhan 2002; Kadirvelu et al. 2004 ) are major industrial sources for environmental contamination of Hg. According to UN experts, between 3,100 and 3,900 metric tons of Hg are purchased around the world each year for various products and processes. The World Health Organization (WHO) also reported that between 25,000 and 125,000 tons of Hg were discharged into the environment in 1976 (Kothandaraman and Geetha 1997) . Such a massive volume of Hg is supposed to be indiscriminately introduced into the environment through the industrial effluents. Hence, it poses serious threats to human and environmental health, thereby becoming a matter of vital concern. Therefore, the WHO sets up 0.001 mg/L concentration of Hg as drinking water permissible limit (WHO 2004) and Indian Standard Institution (ISI) sets up 0.001 and 0.01 mg/L concentrations of Hg for drinking and waste waters permissible limits, respectively, to control indiscriminate discharge of Hg into the environment. According to the USA's Environmental Protection Agency (EPA) permissible limit of Hg in wastewater is nil.
However, above apprehensive discussion assumes the importance of Hg removal from water and wastewater to reduce the excess Hg of waters to save life from severely hazardous and harmful impacts of Hg. Though flux of Hg into the aquatic system has declined in recent years, there is still a lack of effective, easily accessible and low-cost means for the treatment of Hg-contaminated wastewaters. Among various available methods for the removal of Hg from contaminated water, chemical precipitation, ion exchange, coagulation, solvent extraction, membrane filtration and nanofiltration, adsorption has been shown to be an economically feasible and easily applicable alternative using various adsorbents (Huang 1978; Koshima and Onishi 1980; Ma et al. 1992) . Activated carbon (AC) is identified as a high capacity adsorbent to remove Hg from aqueous phase (Huang 1978; Koshima and Onishi 1980; Ma et al. 1992) due to the presence of its numerous porous structure, large active surface area, and good mechanical properties (Gergova et al. 1993; Girgis and Ishak 1999; Bhakta et al. 2009; Zabihi et al. 2009; Cai and Jia 2010) . The various materials such as, peanut hull (Namasivayam and Periasamy 1993) , jackfruit peel (Inbaraj and Sulochana 2001) , coir pith (Namasivayam and Kadirvelu 1999) , flax shive (Cox et al. 2000) , sago waste (Kadirvelu et al. 2004) , cotton stalks (Girgis and Ishak 1999) , fruit shell (Gergova et al. 1993; Inbaraj and Sulochana 2006; Zabihi et al. 2009 ) and sewage sludge (De Filippis et al. 2013 ) have been used as carbonaceous precursors to produce AC for applying as Hg removal sorbent. Besides, the scientists have applied various methods in the carbonization process to develop the AC from the precursor's materials and modification of AC to enhance the sorption capacity. The AC has been manufactured from carbonaceous materials of vegetable origin, such as wood, coal, peat, fruit stones, and shell by means of pyrolysis (Manocha 2003) . Nabais et al. (2004) developed AC fibers by microwave heating from acrylic textile fibers. The cotton stalk can be used to produce high capacity AC by the processes of zinc chloride (Deng et al. 2009 ) and phosphoric acid (Girgis and Ishak 1999) activations. Kawasaki et al. (2012) proposed that the low-cost fibrous AC can be produced by heating process Although, ACs have been developed from varieties of materials to adsorb Hg from aqueous phase, many of them are costly and/or inaccessible and/or ineffective in the practical field of application. In this point of view, the sorbent of low cost, high removal capacity, simple preparation technology and easy application method still has high demand. There is a need to develop low-cost sorbent using simple preparation process to control the pollution (Streat et al. 1995) . Therefore, the aim of present study is to develop the AC from some low-cost materials for identifying as the potential and low-cost Hg adsorbent by physico-chemical and Hg sorption characterizations.
Materials and methods

Preparation of activated carbon from waste material (ACWM)
The present study used four types of waste-banana peel, orange peel, cotton fiber and paper as precursors to prepare the low-cost ACs of waste materials (ACWMs) following the carbonization method using microwave-assisted heating process (i.e., pyrolysis) (Menendez et al. 1999; Carrott et al. 2001; Kadirvelu et al. 2004; Chang-Xing et al. 2006; Nabais et al. 2004; Deng et al. 2009 ). The banana peel and orange peel wastes were collected from local market; cotton used for microbiological work and paper wastes were collected from laboratory waste bean. The procured wastes were properly washed under tap water to remove attached particulates, sprayed with distilled water and finally dried in sunlight. The 30 g of each dried waste was taken within a lidded porcelain cup which was placed inside the multimode microwave and heated at about 500°C for 20 min to carbonize the employed waste. Infrared optical pyrometer was used to measure the temperature of the carbon bed during the microwave-assisted heating process. After cooling, the ACs of banana peel, orange peel, cotton fiber and paper wastes (herein called as ACWM B , ACWM O , ACWM C and ACWM P ) were crushed into powder and stored in sealed glass containers for using in subsequent studies.
Physical and chemical analysis of ACWM
The Brunauer Emmett and Teller (BET) surface area and porosity of developed ACWMs (ACWM B , ACWM O , ACWM C and ACWM P ) were determined by adsorption of nitrogen at -196°C using Micromeristic ASAP 2000 instrument. The morphological and chemical properties of prepared ACWMs were analyzed by capturing images of surface morphology at three levels of magnification (259, 2,0009 and 10,0009) and analyzing the chemical composition using scanning electron microscopy (SEM) with a jeol model equipment coupled with energy dispersive spectroscopy (EDS) facility (JSM-6500F, JEOL) in the Center for Advanced Marine Core Research, Kochi University, Japan using the process followed by Bhakta and Munekage (2013) .
Hg sorption experiment
The study of Hg absorption of prepared ACWM was performed in 15 (200 mL) glass bottles following batch operation mode in the laboratory. All glass bottles were filled with 100 mL water of 100 lg/L Hg concentration prepared from standard stock solution of mercuric chloride (HgCl 2 , Cica-Reagent, Kanto Chemical Co., Inc., Tokyo, Japan) and randomly divided into five batches having three replicates (5 9 3) for four types of ACWM (ACWM B , ACWM O , ACWM C and ACWM P ) sorbent and one control received no sorbent. The powder of each ACWM was added to each glass bottle of corresponding batch at the dosage of 0.05 g/L. The glass bottles were capped and shaken by mechanical shaker at the rate of 150 excursion/ min for the period of 5 h at 25°C.
Sampling and analysis
Water samples (1 mL) were collected in 2 mL centrifuge tubes from each bottle at short interval initially and long interval afterwards, centrifuged and filtered by 0.5 lm filter (Advantec, Tokyo, Japan). The filtered samples were used for Hg analysis using the RA-3 Mercury Analyzer (Nippon Instruments Corporation, Japan). The amount of Hg removed from water was calculated by quantifying the residual Hg content in water phase.
The Hg sorption capacity (q, mg/g) of ACWM was determined using the mass balance relationship Eq. (1) as below (Bhakta and Munekage 2013) :
where, C 0 and C t are water phase concentrations of Hg (mg/L) at time 0 and t, respectively, V (L) is the volume of the Hg solution and M (g) is the mass of ACWM. The Hg removal percentage (R e , %) of ACWM from water phase was calculated using Eq. (2).
where, C 0 and C t are the concentrations of Hg (mg/L) in the solution at time 0 and t, respectively.
Results and discussion
Physical and chemical properties of ACWM
The BET surface areas (109-138 m 2 /g), micropore surface areas (43-65 m 2 /g) and micropore volumes (0.0519-0.0910) were varied in different resulting ACWMs (Table 1) . The ACWMc and ACWM P exhibited higher BET surface areas, micropore surface areas and micropore volumes compared to those of the remaining ACWMs (Table 1) .
The SEM images of the developed four ACWMs are shown in Fig. 1 . The morphological properties, megascopic and microscopic textures of ACWM B , ACWM O , ACWM C and ACWM P are represented in three magnifying images (259, 2,0009 and 10,0009). The 259 and 2,0009 megascopic images show the clear shape and size of four ACWMs, whereas microscopic images of 10,0009 clearly reveal the elaborate surface structures of all ACWMs.
The EDS analysis indicating the chemical composition of four ACWMs represented graphically in Fig. 2a-d . The data of detail chemical composition of ACWMs obtained from EDS analysis are also shown in Table 2 . The major constituent of developed ACWMs was carbon (C) varied from 64.29 to 95.04 %. The ACWM C contains the highest percentage of C (95.04 %) amongst the developed ACWMs. The phosphorus pentoxide (P 2 O 5 , 5.24-5.59 %) was also found in all ACWMs. Potassium oxide (K 2 O, 2.29-27.15 %) and calcium oxide (CaO, 0.68-3.16 %) were observed only in ACWM B and ACWM O , whereas SiO 2 and Cl were exclusively found in ACWM B . Water Sci (2017) 7:199-206 201 Results clearly demonstrated that the employed waste materials completely carbonized by pyrolysis phenomena at about 500°C for 20 min, because of the soft nature of waste materials and developed ACs having high surface and porous areas. The basic microstructure of the char with microporosity is formed around 500°C (Sun et al. 1997) . The AC manufacturing consists of a charring or carbonization step in which the most of non carbon material (and much of the carbon) is volatilized by pyrolysis (usually between 500 and 750°C) and obviously weight (60-70 %) is loosed (Girgis and Ishak 1999; Holland 1994; Sun et al. 1997 ). The present study clearly revealed that the higher C containing ACWM exhibited the larger surface and porous areas developed by microwave heating process. The criteria of higher percentage of C as well as larger surface and porous areas would play significant role to increase the sorption capacity of ACWM. AC produced by the pyrolysis of carbonaceous materials of vegetable origin, such as wood, coal, peat, fruit stones, and shell or synthetic polymer followed by the activation of the chars obtained from them (Manocha 2003) . The AC of highly developed porosity and correspondingly large surface area is obtained only by activating the carbonized material either by physical or chemical activation (Menendez et al. 1999) . The AC possesses extraordinarily large surface area and pore volume those give it a unique adsorption capacity (Manocha 2003) . The surface chemistry and pore size distribution of AC are highly responsible for adsorption process (Radovic 2001) .
Hg sorption capacity and mechanism
The Hg sorption capacity varied from 0 to 1.84 mg/g in control and four ACWMs developed by carbonization phenomena (Fig. 3) . There was a sharp increasing trend of Hg sorption in four ACWMs at the 0.5 h period and it showed steady state thereafter as time progressed. The Hg sorption capacities were higher in ACWM C (1.84 mg/g) and ACWM P (1.8 mg/g) compared to those of the ACWM B and ACWM O . The removal percentage of Hg ranged from 0 to 92 % in control and four ACWMs. Likewise, the ACWM C and ACWM P also showed greater percentage of Hg removal than those of the ACWM B and ACWM O (Fig. 4) .
The Hg removal capacity and percentage clearly revealed that the higher C containing ACWM showed higher Hg sorption capacity. The relationship between Hg sorption percentage and BET surface area of four ACWMs proved that highest Hg sorption capacities of ACWMc and ACWM P are significantly governed by the larger surface area as well as porosity. In contrary, those ACWMs composed by other components (such as, K 2 O, CaO, SiO 2 and Sci (2017) 7:199-206 203 Cl) along with the major constituent C, are associated with lower/reduced rate of Hg sorption. The chemical composition of the raw material influences the surface chemistry and offers a potentially lower cost method for adjusting the properties (especially sorption property) of activated carbons (Radovic 2001; Jabit 2007) . It can also be explained herein that the K 2 O, CaO, SiO 2 and Cl constituents of the ACWM are responsible to inhibit its Hg sorption proficiency, because some binding sites/surface functional groups of ACWM are neutralized by its constituents, K 2 O, CaO, SiO 2 and Cl. Thus, these preoccupied positive K, Ca and Si ions of ACWM create an action of ionic repulsion to Hg ions on the surface of the ACWM. Langmuir proposed that the interaction of both positively charged adsorbent and adsorbate is electrostatic repulsion (Langmuir 1918) . It is also well known that various surface functional groups containing oxygen, nitrogen and other heteroatoms have been identified on activated carbon. Because activated carbons have a large porosity and numerous disordered spaces, heteroatoms readily combine on the surface during the manufacturing processes (carbonization and activation). Heteroatoms are incorporated into the network and are also bound to the periphery of the planes. With respect to present study, the heteroatoms' property at the surfaces of ACWM due to the presence of K, Ca and Si probably inhibits the binding of Hg.
The sorption process of activated carbon is considered primarily physical rather than chemical in the vast surface areas and microporous regions by weak electrical forces known as Van der Waals bonds. The solute transfers from the bulk liquid to the surface layer of a particle by this force and diffusion of the solute is occurred from surface to inner regions of the adsorbent particle through/across the surface. This phenomenon clearly indicating that greater surface and micropore areas of ACWM C and ACWM P play principal role in removing highest amount of Hg from aqueous phase rather than other influencing factors discussed herein. Though the study was not performed, the following mechanism of Hg sorption onto ACWM can be hypothesized from the above-illustrated phenomenon: Hg is bound at the surface and form outer-sphere complex; and moves to the inner part of the pores through the network of micro channels by forming inner-sphere complex, lateral diffusion and particle growth; and finally adsorbed Hg can diffuse back to the solution after saturation of adsorption (Fig. 5 ). This type of adsorption mechanism has also been proposed by Bharathi and Ramesh (2013) . Adsorption is usually modeled by isotherms which relate the relative concentrations of solute adsorbed to the solid and in solution. Though, it was not considered in the present Hg binding and mechanism of diffusion through the porous network of AC. The process includes following five steps: 1 outersphere complex formation, 2 inner-sphere complex formation, 3 lateral diffusion, 4 particle growth and 5 diffuse back to the solution after saturation of adsorption investigation, the isotherm and kinetics studies of Hg sorption should be performed in further study to evaluate and characterize the detailed Hg sorption potentiality and mechanism of best cotton and paper wastes-derived ACs.
Management of spent AC
The AC itself is not a hazardous material (USSPA 1998). After sorption of hazardous materials (such as Hg), it is considered as hazard material (Shapiro 1996) . The Hg can be separated from the Hg loaded spent AC by the desorption process using some agents [such as-nitric acid, hydrochloric acid, Ethylenediaminetetraacetic acid (EDTA), etc.] (Young 1995; Anagnostopoulos et al. 2012) . Therefore, the AC carbon can be recycled and reused easily to control further environmental health hazardous impact of spent AC.
Conclusions
This study developed low-cost AC from waste materials by pyrolysis method using the microwave-assisted heating process. The Hg sorption capacities were higher in AC of cotton fiber (ACWM C , 1.84 mg/g) and paper (ACWM P , 1.8 mg/g) wastes having larger BET surface area, micropore surface area, micropore volume and carbon content. Moreover, the relationship between physico-chemical properties and Hg sorption capacity indicated that higher surface area, porosity and carbon content are largely responsible for the sorption of greater amount of Hg onto developed ACWM. The Hg sorption study clearly identified that ACs of cotton fiber and paper wastes are best sorbents of Hg amongst the four produced ACs. Furthermore, easily accessible precursor materials, simple preparation process, favorable physico-chemical properties and high Hg sorption capacity suggested that activated carbons of wastes materials could be used as a low-cost sorbent of Hg for applying in practical field. Finally, it may be concluded that the cotton fiber and paper wastes-derived activated carbons would be a potential and low-cost Hg adsorbing medias in aqueous phase.
